Mineral micronutrients are critical for basic physiological function, and variable availability of minerals over the landscape can influence foraging decisions. Sodium is essential for nerve function and osmotic balance; however, it can be limiting in some environments, such as those at high elevations. Koalas (Phascolarctos cinereus) living in subalpine regions have been observed eating Eucalyptus mannifera bark, an unusual food choice for a folivore. We hypothesized that sodium may be deficient in leaves at high-elevation sites, and that the bark from trees could be a potential sodium source. We compared the mineral content of eucalypt bark and leaves in 3 areas where koalas chew bark and in leaves of a preferred food tree of koalas, E. viminalis, across a range of elevations. Individual chewed trees were rare compared to non-chewed conspecifics and patchily distributed. Bark from chewed E. mannifera trees had significantly higher concentrations of sodium than plant parts from non-chewed neighboring conspecifics and other Eucalyptus species trees. We also found that E. viminalis foliage had significantly less sodium at higher elevations than lowland populations. We propose that koalas have developed the unusual bark-eating behavior to meet sodium requirements in an otherwise sodium-poor landscape. Given the physiological importance of sodium, behavioral adaptations such as these may be critical to the ability of mammalian herbivores to survive in nutrient-deficient landscapes.
The concept of food quality for herbivores often focuses on key nutrients, such as protein, and plant secondary metabolites (PSMs) that are known to influence the feeding decisions of herbivorous species (Dearing et al. 2005; Villalba and Provenza 2009 ). The patchy distribution of nutrients and plant toxins across the landscape has helped describe patterns of animal movement and reproductive success (Wallis et al. 2012) . For example, the abundance of herbivores has been linked to "nutrient hot spots" where vegetation contains relatively high concentrations of protein or other macronutrients (Braithwaite et al. 1983; Wasserman and Chapman 2003) . Radiotracking studies have shown that folivores make decisions about which trees to feed on that are linked to integrated measures of forage quality that consider both foliar nitrogen (as a proxy for protein) and the widespread class of PSMs, tannins (Youngentob et al. 2011) . While the importance of macronutrients and PSMs in explaining foraging decisions in herbivores is well studied, the role of micronutrients (e.g., minerals) is less understood.
Plants can be imbalanced as a source of minerals for animals. Indeed, herbivores are known to seek minerals from nonvegetative sources, such as soil, to meet important nutritional requirements (Tracy and McNaughton 1995; Best et al. 2013) . Less commonly, some herbivores are able to exploit higher concentrations of minerals in refractory plant parts, such as wood or bark. In Uganda, unusual behaviors such as gorillas eating decayed wood (Rothman et al. 2006 ) and colobus monkeys chewing the bark of some Eucalyptus species (Rode et al. 2003) were linked to their richness as sodium sources. Masaki et al. (2004) reported that sika deer strip bark from coniferous trees in summer to meet elevated calcium demands during lactation. It is likely that many generalist herbivores meet nutritional demands by consuming unusual items, such as bark 1186 JOURNAL OF MAMMALOGY or soil (Stephens et al. 2006; Best et al. 2013 ). However, this behavior has rarely been observed in specialist folivores that survive almost exclusively on a diet of plant leaves.
The koala (Phascolarctos cinereus) is a specialist folivore that feeds primarily on leaves from the genus Eucalyptus (Martin and Handasyde 1999) . This animal has an extensive distribution across Australia, ranging from Townsville in northern Queensland to the Adelaide ranges in South Australia and various off-shore islands. Research into foraging behavior of koalas has focused on the effects of a few key foliar nutrients and a group of toxic PSMs called formylated phloroglucinol compounds (FPCs-Lawler et al. 1998; Marsh et al. 2013) . Both captive and free-ranging koalas prefer to eat leaves containing high concentrations of available nitrogen and low concentrations of FPCs (Lawler et al. 1998; Marsh et al. 2013) . In contrast, the role of micronutrients for koalas has been largely ignored (but see McOrist and Thomas 1984) .
Recently, unusual scarring has been observed on E. mannifera trees in the subalpine Monaro region of New South Wales . These remained a mystery until infrared video captured images of koalas scraping bark from the bole of the tree with their teeth (video provided in Supplementary Data SD1). These unique chew marks appear on the bark as paired parallel scars, 3-6 mm wide, 1-3 mm thick, 4-6 cm in length and often angled at 40° to the horizontal (Fig. 1b) . Since the marks do not penetrate the cambium or the sapwood, we assume that they are made for bark consumption and not for sap-feeding. In addition, no bark chips were found at the base of scarred trees and thus it is likely the bark is consumed by the animal and not just stripped from the tree. Bark chewing has never been observed in other populations of koalas despite extensive and long-term research on this species by numerous researchers across the animal's range (for a list of researchers with whom we have spoken, see Youngentob 2014) .
The Monaro region includes some of the highest-elevation sites at which koalas are known to occur (900-1,300 m). This area also is well known to be a nutrient-deficient environment in terms of phosphorus, potassium, and sulfur (Costin 1954) . Given its elevation and that it lies in a rain shadow of the Australian Alps, it is likely that sodium also would be poorly available in the Monaro (Jenkins and Morand 2002) . Previous research in alpine and subalpine environments of southeastern Australia has demonstrated that herbivores are sodium-deficient in these landscapes (Blair-West et al. 1968; Myers 1970) . Several experimental studies showed that a wide range of native and introduced herbivores have a pronounced appetite for sodium and will avidly chew on wooden stakes that have been soaked in sodium chloride and sodium bicarbonate in spring and early summer (Blair-West et al. 1968) . Similar stakes soaked in potassium or magnesium chloride were largely ignored. Myers (1970) observed histological changes in the adrenal gland of rabbits at these sites that result in increased plasma aldosterone that would help resorb sodium in the kidney.
We hypothesize that eucalypt bark provides koalas in the Monaro with a source of sodium. Eucalypt bark also may provide other essential micronutrients such as calcium, which has been shown to be an important component of bark forage for other mammalian herbivores (Masaki et al. 2004 [Zn] ) in the bark and leaves of chewed trees and their unchewed neighbors in 3 sites across the Monaro. We analyzed the mineral content of both leaves and bark to understand if bark provides a mineral source that may otherwise be limited in the koala's typical diet of foliage. We also investigated whether there were differences in the foliar sodium concentrations of a favored food species, E. viminalis (Marsh et al. 2013) , collected from a variety of elevations in New South Wales, Victoria, and South Australia. Analyzing the sodium content in leaves from a variety of elevations, including the Monaro, would help identify whether these subalpine trees have less foliar sodium than their lowland conspecifics, as the existing literature suggests (BlairWest et al. 1968) . This is the first time that sodium and other micronutrients have been investigated on a landscape scale in relation to the foraging behavior of folivores in Australia.
Materials and Methods
Study site.-We investigated bark and leaves of eucalypt trees in 3 forest sites in the Monaro region of New South Wales, Australia: Black Ridge, Mount Dowling, and Hammershill Wildlife Trust (Fig. 2) . The elevation at each of the 3 sites ranged from 800 to 1,000 m, 1,000 to 1,100 m, and 800 to 1,100 m, respectively. Large-scale tree clearing over the past 100 years has converted much of the native woodland to pasture, but remnants and large patches of native dry sclerophyll forest remain. The dominant tree species include E. mannifera, E. dives, E. rossii, and E. macrorhyncha with an understory of Acacia species (Martin and Phillips 2015) .
The sites lie on yellow podsolic and gray-brown podsolic soils (Costin 1954; Martin and Phillips 2015) and these soil types are poorly aerated and typically low in fertility (Stace 1968) . The temperatures in summer range from 9°C to 27°C, and in winter from −3°C to 13°C (mean max and mean minBureau of Meteorology 2016). The average annual rainfall is about 550 mm with a pronounced peak in summer (December to February-Bureau of Meteorology 2016).
Sample collection.-Chew marks are not found on every E. mannifera tree but in clusters ranging from 2 to 10 trees within close proximity. From here on, these clusters will be referred to as a "chew patch." We visited each site to locate chew patches. Some chew patches were known to property owners and managers prior to the study and others were found during extensive foot traverses of the sites at the start of the project. We aimed to sample bark at the time of year that it was chewed. Anecdotally, this occurred in spring and so we checked chew patches at each of the study sites from July to October 2015 until fresh chew marks were observed in early October 2015. Fresh chew marks have a distinct yellow color with a pale green edge (Fig. 1a ) and over time they darken to a red-brown color (Figs. 1b and 1c) .
Samples were collected in October 2015. At each chew patch, we sampled every chewed E. mannifera tree and its nearest unchewed E. mannifera neighbor. The number of trees that we sampled in a chew patch depended on how many trees were scarred. We recorded if the chew scar was fresh and the direction(s) and location of the chews on the trunk of the tree as well as the GPS location, diameter at breast height (DBH), and approximate tree height. We also collected bark and leaf samples from 2 neighboring eucalypts from species other than E. mannifera to investigate why only E. mannifera bark was chewed.
Approximately 1 g of bark and 5 g of mature leaf were collected from each tree for analysis of minerals. Chew marks occur on the outermost layer of the bark, so samples of bark (1-3 mm deep) and between 50 and 100 cm above ground were collected with a knife adjacent to existing chew marks. Samples from unchewed trees were collected at the same height above the ground as their chewed neighbor but on a randomly selected side of the tree. Leaf samples were collected using either a telescopic pruning pole or an arborist throw-line launcher. Samples were then air-dried upon arrival at the Australian National University before being dried to a constant mass in a forced draft oven at 60°C. Samples were then ground to a fine powder using a GyralGrinder Puck and Ring Grinder (Chemplex Industries, Palm City, Florida).
Additional eucalypt leaf samples across a range of elevations.-The dominant eucalypt tree species in our study area do not occur at low elevations; however, one of the less prevalent species at our sites, E. viminalis, does occur across a large gradient of elevations through parts of South Australia, Victoria, and New South Wales. Eucalyptus viminalis is also a favored food tree of the koala (Marsh et al. 2013) . We used E. viminalis leaf samples that were collected for 2 separate, landscape-scale studies of forage quality for marsupial folivores (Youngentob et al. 2011; Youngentob 2014) . The E. viminalis samples were collected during the spring and summer months of the southern hemisphere (September-March). This timing also coincides with the period when nutritional demands on koalas are higher due to reproduction and lactation (Martin and Handasyde 1999). We selected 60 E. viminalis samples using a stratified approach to incorporate several trees from each of the sites and across the range of elevations included in the studies ( Fig. 4 ; 21-1,000 m). Although these leaf samples were not collected specifically for this study, they provided an acceptable, preliminarily investigation into the relationship between sodium concentrations in eucalypt foliage and elevation. These leaf samples were obtained in the same manner as the leaf samples from our study but were frozen immediately upon collection at −80°C on a bed of solid CO 2 pellets. Samples were then freeze-dried and ground to pass a 1-mm screen using a Tecator Cyclotec Mill (Foss, Hillerød, Denmark). Given how the leaf samples were stored, it is unlikely that there would have been substantial changes in the foliar concentrations of the measured chemical constituents between the time that the leaf samples were collected for the earlier studies and their additional analysis for sodium and other micronutrients in 2016 (Ratti 2001) .
Chemical analyses.-The dried, ground samples of bark and leaf for mineral analysis were weighed (100 ± 5 mg of each sample) and placed into individual vessels. We added 8 ml 65% nitric acid and 2 ml 36% hydrochloric acid and digested each sample in a Milestone S.r.l. -Start D -Microwave Digestion System (Milestone Inc., Shelton, Connecticut) using US EPA Method 3051. Mineral concentrations (Ca, Cu, Fe, K, Mg, Mn, Na, P, and Zn) were determined using a Varian Vista-Pro Inductively Coupled Plasma-Optical Emission Spectrometer. These 9 minerals were chosen because of their biological relevance to mammals (Morris 1991) .
Statistical analyses.-We observed different amounts of bark chewing from individual E. mannifera trees (e.g., Figs. 1a-c). However, this was difficult to quantify because chew marks were not evenly spread across the trunk. Some trees had chew markings that were heavily concentrated in one area of the trunk, whereas other trees had chew marks spread across the trunk. Thus, we avoided giving trees a relative ranking based on our perceptions of the intensity of use and assigned all trees with at least 1 chew mark to the category, "chewed." Their unchewed neighbors were assigned to a separate category, "unchewed."
We developed a logistic regression model to investigate if bark chewing is associated with variations in concentration of minerals or in traits of trees such as DBH and tree height. The design was matched case-control, with each chewed tree paired to the nearest non-chewed tree. To reflect this, the logistic regression model was fitted using the conditional likelihood method described in Heinze and Puhr (2010) , implemented with the CLOGIT function in the Survival package (Therneau 2015) in the R statistical environment (R Core Team 2015) . See Gibbons et al. (2008) for an application of matched case-control and the conditional logit method to ecology.
Every possible subset of the 11 covariates (Ca, Cu, Fe, K, Mg, Mn, Na, P, Zn, DBH, and tree height) was fitted and models were ranked using the Akaike Information Criterion (AIC). The significance of the covariates in the final model was assessed using likelihood ratio and permutation tests.
Given the large differences in concentrations of minerals, we plotted the concentrations of sodium in bark of chewed against unchewed E. mannifera trees. In addition, we summarized the distributions of the 9 minerals across all 4 eucalypt species in our Monaro study. We used Spearman correlations and associated permutation significance tests to quantify and test the relationship between elevation and foliar sodium concentration in E. viminalis, calculated using the cor.test function in the R Statistical Environment. In addition, we used a Mann-Whitney U-test to determine if foliar sodium concentrations of sampled trees in the Monaro region were different from those of E. viminalis at lower elevations. Data are presented as mean ± 1 SD and range.
results
Chewed trees.-We identified 17 locations (chew patches) with chewed trees across the 3 study sites and traversed approximately 9 km 2 at each site in our search for these patches. Four chew patches were identified at Black Ridge, 6 at Mount Dowling, and 7 at Hammershill. The distance between chew patches ranged from 0.5 to 9 km. Each chew patch contained 1-5 trees with chew marks on the trunk. We found chew scars of various ages on 34 E. mannifera trees in total and no chew scars were found on the other eucalypt species in the area. The distance between the chewed E. mannifera and their unchewed neighbors ranged from 0.5 to 3 m.
Relationship between chewed trees and bark mineral concentrations in E. mannifera.-All subset selections from a logistic regression of the trait "chewed or unchewed" resulted in Na as the only covariate in the final model, using the AIC as the criterion. The final model had AIC at least 2.0 lower than all other models. The Na covariate was statistically significant (P < 0.001) according to both a likelihood ratio and a permutation test; however, the covariate was so powerful that the coefficient estimate was essentially infinite. This can happen in conditional logistic regression, when the distributions of the covariates for the cases (chewed trees) and for the controls (unchewed trees) do not overlap (Heinze and Puhr 2010) . The Na concentration for every chewed tree was higher than the corresponding unchewed tree (Fig. 3) , with a median ratio for Na for chewed/unchewed trees of 5.2. Effectively, Na is statistically significant but so influential that a finite estimate of its coefficient cannot be calculated.
Concentrations of minerals in bark and leaves of all sampled eucalypt species in chew patches.-We observed significant variation in concentrations of measured minerals across species and between the bark and leaves (Table 1 ; also see Supplementary Data SD2). Bark from chewed E. mannifera trees was higher in Na than the bark or leaves from any of the other sampled eucalypt species in the Monaro (Table 1) .
Comparison of minerals in E. viminalis leaves collected across a range of elevations.-We found that concentrations of Na in foliage decreased with increasing elevation (Spearman correlation = −0.77, nonparametric rank-based test, P < 0.001; Fig. 4) . The lowest Na concentrations were found in E. viminalis foliage from the Monaro region (mean 119 ± 114 mg/kg, range = 16-347, n = 11) and from the Tumut area of New South Wales (mean 23 ± 16 mg/kg, range = 5-53, n = 7), which also were the highest-elevation sites sampled. Eucalyptus viminalis foliage at lower elevations (less than 800 m, n = 42) had significantly higher concentrations of foliar Na than leaves from any sampled species in the Monaro (MannWhitney U-test, P < 0.001, n = 102). Leaves from E. viminalis sampled at elevations below 800 m had similar ranges of foliar sodium concentrations (300-2,300 mg/kg) to that of chewed E. mannifera bark in the Monaro region (100-2,130 mg/kg).
discussion
A sodium source: E. mannifera bark.-The high sodium concentrations of bark strongly suggest that koalas in the Monaro region consume this plant part as a sodium source. Sodium was significantly higher in chewed E. mannifera bark compared to bark and leaf samples from the other eucalypt species sampled at the 3 chew sites (Table 1) . Moreover, we found striking differences in the concentration of sodium within bark and leaf samples of E. mannifera (Fig. 3) . Sodium was heavily concentrated in the bark of E. mannifera but almost absent from the leaves of all sampled species in the area (Table 1) . Chewed trees always had higher concentrations of sodium in the bark than their unchewed neighbor.
Sodium is the principal cation for electrolyte balance and nerve function in animals and sodium deficiency can affect growth rate, muscle strength, and reproduction (Morris 1991) . Sodium is the only mineral for which animals have an appetite in order to avoid deficiency, which highlights sodium's critical role in maintaining animal health (Denton 1982) . The barkchewing behavior of koalas in the Monaro region has parallels with other unusual feeding behaviors in animals that have been linked to sodium acquisition (Belovsky and Jordan 1981; Rothman et al. 2006; Best et al. 2013) .
The daily sodium requirement of koalas is unknown. Ullrey et al. (1981) suggest that foliar sodium concentrations of only 300 mg/kg in foliage was sufficient to meet requirements of captive zoo animals but actual sodium balance was not measured. Daily intake of leaf by koalas is approximately 200 g DM/day for a 7−8 kg animal (Cork et al. 1983; Marsh et al. 2013) . Based on Ullrey's data, koalas may need only 60 mg/ day of sodium. Although this is low compared to estimates for some other herbivores, animals can maintain balance on sodium-depleted diets at a much lower intake through reabsorbing sodium in the distal nephron via enhanced secretion of aldosterone. Koalas eating 10 g (DM) of sodium-rich bark per day (2,000 mg/kg) would obtain about the same amount of sodium as they would from consuming 200 g (DM) of foliage with 100 mg/kg Na. Therefore, the use of bark as a source of sodium in the Monaro is likely to be critical in these animals meeting their daily sodium requirements.
A range of factors including the capacity of the gut and slow rates of digestion (Cork and Warner 1983) , plus the limiting effects of potentially toxic secondary compounds (Lawler et al. 1998) , limit the amount of leaf that koalas can eat. Therefore, consuming sufficient sodium from leaf alone would not be possible in a landscape like the Monaro where foliar sodium levels are very low (35 mg/kg average). In addition, animals eating diets that include high concentrations of toxic PSMs, like koalas, may have additional sodium needs for the excretion of these toxins (Foley et al. 1995) . Diets rich in PSMs are known to disrupt sodium balance in lagomorphs (Iason and Palo 1991) and so consuming more leaf to try to meet requirements may exacerbate the potential risks of sodium deficiency.
Our finding that sodium concentrations in subalpine foliage were lower than that in foliage from trees at lower elevation is supported by other studies involving non-eucalypt plant species (Blair-West et al. 1968 ). However, these findings are based on a few sites and further studies are needed to determine how foliar sodium in both eucalypt leaf and bark may vary across seasons, other tree species, and landscapes. Lowland koala populations may not need an additional sodium source given the high sodium concentrations present in foliage there, which is similar in concentration to that found in E. mannifera bark in the Monaro (Table 1) . We propose that bark chewing in koala populations in the Monaro region developed as a unique adaptation to low concentrations of foliar sodium in that area.
Sodium variation within and between eucalypt species and plant parts.-We do not know why sodium concentrations in E. mannifera vary so widely, even among close neighbors. For example, one unchewed E. mannifera tree had almost 10-fold lower sodium concentrations in its bark than a chewed neighbor 2 m away. It is possible that the roots of these chewed trees are accessing a saline water source that is not available to their neighbors. Limnological studies on the Monaro have found that sodium concentrations of peneplain lakes vary dramatically over short distances (69-21,255 mg/kg- Williams et al. 1970 ). This suggests that historically there have been geomorphological processes that can lead to local variation in sodium in the Monaro environment.
The relatively high concentration of sodium in bark compared to leaves in the Monaro region may be explained by how certain plants process excess sodium. Excess sodium can be devastating to plants, and an accumulation of sodium can lead to plant dehydration, tissue damage, and reduced photosynthesis (Munns 2002) . Plants can limit the accumulation of sodium in leaves by excluding most of the sodium entry via the roots, and also limiting the accumulation of sodium in the leaves, particularly in the cytoplasm of the leaf cells (reviewed in Munns and Tester 2008) . Plants can limit sodium in the cytoplasm by transporting excess sodium to vacuoles and exporting it to the phloem (Munns and Tester 2008) , which can ultimately be sequestered and shed in the bark (Borger 1973) . Like many other eucalypts, E. mannifera sheds its bark annually and so it is likely that excess sodium is stored in the bark for ultimate disposal. This hypothesis could be tested by measuring sodium concentrations in different layers of the bark with the expectation that sodium would be most heavily concentrated in the older, outer bark.
Notably, lowland populations of E. viminalis can tolerate foliar concentrations of sodium at higher levels than we observed in E. mannifera bark. We only measured foliar concentrations of sodium across a range of elevations in E. viminalis, so it is not yet clear whether these foliar sodium concentrations are also found in other eucalypt species at lower elevations. However, we would expect a similar relationship between elevation and foliar sodium concentrations for other species of eucalypts given that this is the pattern observed in other plant taxa as well (Blair-West et al. 1968) .
Conservation and management implications.-There has been much progress in identifying and recognizing the importance of mineral resources for herbivores (Fahrig 2001 ; Warne Table 1 .-The concentrations of calcium, copper, iron, potassium, magnesium, manganese, sodium, phosphorus, and zinc (mg/kg) in eucalypt bark and leaf samples from study sites in the Monaro region of New South Wales, Australia. Eucalyptus mannifera trees were separated into 2 groups, 1 group where the bark of the tree was chewed and 1 where the bark was unchewed. 2014). The patchy distribution of sodium sources can have profound effects on animal distributions and interactions. For example, variations in the spatial distribution of elephants in an African National Park were closely correlated with sodium in waterholes (Weir 1972) . Crowding at natural mineral licks highlights how essential sodium is to animals and that it can be a rare resource in some landscapes (Weir 1972; Rothman et al. 2006) . Future behavioral studies on koalas in the Monaro region should focus on how critical, patchily distributed resources, such as sodium-rich trees, may impact social interactions and population dynamics in an otherwise solitary animal. The prevalence of bark consumption by koalas in the spring compared to other seasons also warrants further investigation, since this could relate to increased sodium requirements during lactation.
Sodium supplementation has been used to positively influence reproductive success and increase population densities in some species (Batzli 1986; McBurnie et al. 1999 ) and is often used as part of the nutritional management of livestock (Dove and Kelman 2015) , particularly in sodium-deficient landscapes. Our preliminary efforts to supplement koalas with sodium have not been successful. We attached blocks of wood impregnated with sodium chloride to E. mannifera trees in areas where koalas ate bark. These failed to attract any interest from koalas. However, this was not entirely surprising given that other studies have had difficulty in creating artificial diets for koalas to replace fresh eucalypt foliage (Pahl and Hume 1990) . It may be equally difficult to replicate other parts of a koala's diet. The mechanism that attracts a koala to the bark of salty trees is not yet understood. Given our inability to manufacture a sodium source that appealed to koalas, sodium supplementation as a conservation measure to support koala populations in sodiumdeficient landscapes may not be feasible. Therefore, the conservation of chewed trees should be a priority as they are likely essential for maintaining the sodium balance of Monaro koala populations. Further research into the distribution of chewed trees is needed to ensure that enough and appropriate habitat is preserved for koalas in these sodium-deficient landscapes.
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